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1. INTRODUCTION

The function of the round discrimination system (RDS) is to improve the scoring aécuracy of the
remote equipment target system (RETS) currently being used for live-fire training at training centers
worldwide. The RDS, which interfaces directly with the RETS, discriminates among different main gun
kinetic energy (KE), high-explosive antitank (HEAT), and high-explosive incendiary (HEI) and machine
gun (ball and tracer) training practice (TP) ammunition from the following armored vehicles: all Ml
Abrams series main battle tanks, the M60A3 main battle tank, and the M2/3 Bradley Fighting Vehicle
(BFV). This system can determine whether the incoming projectile could produce a kill during live fire

exercises.

The RDS program was conducted in three phases. The first phase was a feasibility test. Acoustic
signatures of medium- to large-caliber projectiles from the three types of armored vehicles were collected;
these signatures were found to have distinct acoustic features, allowing the program to continue. In the
second phase, acoustic signatures of the 35-mm tank precision gunnery in-bore device (TPGID) rounds
and small-caliber machine gun rounds were collected so that the database could be completed. An
algorithm and a brassboard were developed on the acoustic signature discriminants found. The major
discriminants used include the duration of the supersonic shock wave, the location of the round relative
to the acoustic sensors, and the terminal velocity of the round. In the third phase, verification/validation,
a field test was conducted at Aberdeen Proving Ground (APG), MD. A working brassboard correctly
discriminated 90% of the rounds fired. Finally, the RDS brassboard was demonstrated as a proof-of-
concept to the sponsor, the Seventh Army Training Command (7th ATC) in Grafenwoehr, Germany.

This report summarizes the background material, the round discrimination algorithm, and the current
RDS brassboard design. The test data, software development, and system components are mentioned in

the discussion.
2. BACKGROUND

2.1 RDS Program. The RDS program was initiated by the Army Materiel Command Field Assistance
in Science and Technology Junior (AMC-FAST Jr.) engineers at the U.S. Amy Research Laboratory
(ARL), in response to a request by the AMC-FAST Science Advisor at the 7th ATC in 1992. The request
from the 7th ATC reads as follows: "The 7th ATC requires a target RDS, which identifies the round




location within an area which extends 1 m beyond the target edge and classifies the round type into four
band size categories: <20 mm, 20-30 mm, 30-90 mm, and >90 mm." At the very least, the Commander
of the 7th ATC wanted a system able to discriminate between projectiles <30 mm (small caliber and BFV
main gun projectiles) and >30 mm (M1A1 main gun projectiles) with a per unit (system) cost of around
$5k. Table 1 identifies the projectile’s group by band and caliber. Several sensor technologies were
explored as potential candidates, including acoustics, infrared, radar, and video. The acoustic approach

was chosen for two reasons: cost and the ability to exploit the uniqueness of acoustic signatures of

armored vehicle rounds.

Table 1. Projectiles Tested

Projectile Projectile Projectile Projectile Projectile Projectile
Caliber Caliber Nomenclature Description Group by Group by
(In-bore) (In-flight) Band Caliber
(mm) (mm) (mm) (mm)
7.62 7.82 M59 Ball <20 7.62
7.62 7.82 M62 Tracer <20 7.62
12.7 12.95 M33 Ball <20 12.7
12.7 12.95 M17 Tracer <20 12.7
25 16.2 M910 TPDS-T <20 25 KE
25 25 M793 TP-T 20-30 25 HEI
35 35 XM? TPL-T 30-90 35 TPGID
35 35 DM18 HEAT-TP-T 30-90 35 TPGID
35 35 DM68 HEAT-TP-T 30-90 35 TPGID
105 63.5 M724 TPDS-T 30-90 105/120 KE
120 38 M865 TPCSDS-T 30-90 105/120 KE
105 105 M490 TP-T >90 105/120 HE
120 120 M831 HEAT-TP-T >90 105/120 HE

2.2 RETS. The RETS, as seen in Figure 1, uses vibration sensors (also called hit sensors) that are
attached to the target and connect to the RETS electronic control unit (ECU). When the sensors detect
a hit, the ECU conveys a hit signal to a range control tower via a hardwired or radio link. This activates
an electromechanical mechanism that lowers the plywood tank target, thus indicating akill. A deficiency
of the current system is the absence of a mechanism to discriminate between rounds, locate the rounds,
and activate the target only in response to those rounds that can produce a kill. A 12.7-mm (.50 cal.)
machine gun round, for example, can currently be credited with killing a T-72 tank target. RETS can be




Figure 1. Remote equipment target system.

fooled by debris from ricocheting rounds or by small-caliber machine gun fire onto the target, simulating
a main gun round vibration pattern. As a result, armor kills by non-armor-defeating projectiles
erroneously inflate the training unit’s score. In addition, this deficiency prohibits an accurate after-action
evaluation of the trainee’s ability to choose the proper ammunition for the mission at hand. The RDS

eliminates this deficiency and increases the accuracy of the training process.

3. RDS CONCEPT

An extensive literature search of existing scoring systems and potential signature-producing
technologies was undertaken. The techniques investigated included using video cameras, colored tracers,
lasers, radar, and acoustics. Many were dismissed due to cost, practicality, or lack of technology. The
two most promising concepts recommended by the FAST Jr. team were analysis of acoustical signatures
and radar signatures of the passing projectile. Analysis of the radar signature approach was subsequently
deemed not feasible due to high cost. It was determined that the simplest and most cost-effective method

of discrimination would be an acoustic approach.

In order to explore the feasibility of an acoustic RDS system, a three-test program was proposed that
included participants from three ARL directorates—the Weapons Technology Directorate (WD), the
Survivability/Lethality Analysis Directorate (SLAD), and the Sensors, Signatures, Signal and Information
(S3I) Processing Directorate. A test matrix was developed to include all possible rounds and engagement
distances used on a live-fire gunnery range during a Combined Arms Live-Fire Exercise (CALFEX), as
dictated by FM 17-12-1 and FM 23-1. The first part was a feasibility test, where acoustical signature data




were collected and analyzed. The test data were used to determine if acoustic signal discrimination
between projectile data at the extreme firing ranges of the 7th ATC interest array were possible. The
second part of the program extended the data collection effort for projectile discrimination by collecting
data on projectiles within the extremes investigated in part 1. During the third part, a brassboard RDS
was constructed and tested at APG. This test included all the projectiles used on the live-fire gunnery
range. Subsequent to verification of the brassboard system’s ability to discriminate effectively and

efficiently, the system was to be demonstrated at the 7th ATC.

The projectiles fired during parts 1 and 2 of the test program are those actually fired on live-fire
gunnery ranges and are listed in Table 1. The projectile’s in-flight caliber determined its band group. No
large-caliber service rounds were considered in the test program due to cost and because they are not used

in live-fire training exercises. However, large-caliber service rounds could be added to the acoustic

database at a later date.

3.1 Acoustic Round Discrimination Technique.

3.1.1 Background. As a supersonic projectile travels, several shocks from the projectile are
propagated to the surrounding air. These shocks are created from the projectile’s bow, surface features
on the projectile’s body, and the tail. A sensitive air pressure gauge placed in the path of the shock waves
will register what is typically referred to as the N-Wave. The characteristics of the N-Wave are directly
dependent on the geometry of the projectile, the projectile’s velocity, the location of the shock origination
relative to the pressure gauge, and the condition of the ambient air. Other discontinuous features of the
projectile, such as fins or threads, will contribute to additional characteristic features on the N-Wave.
Figure 2 graphically depicts the shock cone formed from supersonic projectiles, while Figure 3 shows the

characteristic N-Wave pressure profile.

3.1.2 Theory and Formulation. A body traveling through the air faster than the ambient speed of
sound will generate a conic shock profile. The shock pressure profile shape is directly dependent on the
object’s form. Air is compressed against the leading part of the object. Since the object is traveling faster
than the time required for the air to re-expand ahead of the object, a conic shock front is generated. A
sensitive pressure gauge some distance away from the object’s trajectory will register the lead shock as

a time-pressure discontinuity. As the body passes, the compressed air expands, and the local pressure




Figure 2. M865 shock cone shadow-shlieren photograph.
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Figure 3. M865 N-Wave pressure profile.




decreases. As surface features on the object create shocks, the profile sensed by the pressure gauge
register these as small positive discontinuities. As the local pressure decreases towards the tail of the
object, the local pressure reaches a neutral pressure area that is equivalent to the ambient pressure.
Pressure aft of the neutral area continues to decrease below ambient. If the object has surface features

in the aft region, the shock also appears as positive discontinuities in the pressure profile.

On the tail, the object wake is made to fall back into the area previously occupied by the object.
Turbulent eddies are created by the air viscosity interaction with the object surface. These eddies trail into
the wake core and support a region of low pressure. As the energy in the eddies dissipates in the wake,
the region collapses, showing up as the final shock in the pressure profile. This is called the tail shock,
where the low pressure changes to ambient. Other eddies trailing off the object may show up after the
tail shock as strong variations in pressure. In some cases, the objects shape could generate second and

third generations of low pressure wake cores, resulting in what appears as several tail shocks.

The magnitude, duration, and shape of the N-Wave for an ogive body of revolution, small-caliber
shaped projectile, traveling at or faster than the speed of sound, were calculated (Whitham 1952).

Expressed for large distances, in general terms, the shock overpressure is,

12
B A O VI (Y S Vil [L“F(y)dy] 0, ¢))

o]

where
p = overpressure,

P, = ambient pressure,

y = ratio of specific heats of air (1.4),

M = Mach number,

y = a characteristic curve relationship between x and O,
x = distance along the axis from the bow,

O = offset distance,
F(y) = a function used to solve the differential equation determining the flow past the body of

revolution.




This equation formed the basis of the theory for acoustic round discrimination. By simplifying the
generalized results into simple equations (Skochko 1966), one can calculate the pressure and total duration
of the N-Wave by: V
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where
a = ambient air speed of sound (meters/second),
D = projectile diameter (meters),
L = projectile length (meters),

T = total duration (seconds).

Theoretically, a properly emplaced sensitive pressure gauge can measure the N-Wave of passing
projectiles. Additionally, if the ambient air conditions, the projectile location, and velocity relative to the
pressure gauge, were known, the projectile could be identified. A system, constructed to gather data and

perform analysis for projectile identification.

3.2 Acoustic Location and Velocity Technique.

3.2.1 Background. Determination of the projectile’s location and final velocity was performed with
a proven acoustical technique constructed of simple pressure sensitive devices that were linked to a clock.
This technology was developed by the ARL Human Research and Engineering Directorate (HRED) for
small-caliber projectiles (Kalb, unpublished). Three microphones were arranged in a line in front of a
target and placed perpendicular to the projectiles flight path (see Figure 4). It allowed the projectile’s
location above the microphone array to be determined. On HRED ranges, the projectile and range are
known prior to firing, enabling the projectile’s velocity to be derived from ballistic firing tables. Three
additional microphones were added to the HRED setup to create the RDS microphone setup (see Figure 5).
The additional microphones were placed directly in front of the original three microphones, yielding a

second location for redundancy in case a microphone was damaged or failed. The two center microphones
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Figure 4. HRED microphone array.

provided the projectile’s velocity. Knowing the spatial position of each sensor and measuring the time
each was triggered by the passing projectile’s supersonic shock wave, one can closely approximate the

location and velocity at the target.

3.22 Theory and Formulation. The projectile’s shock wave can be visualized as an infinite cone
traveling with the projectile. The ambient speed of sound and the projectile’s velocity result in the classic

shock angle expression:

o = sin! 21 - sint _1-, M=1, 3)
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Figure 5. Microphone array and target setup.

where
a = shock angle (°)
M = Mach number,
v = projectile velocity (meters/second),

a = ambient speed of sound (meters/second).

This relationship assumes that the cone form is maintained, subsequent to its time of arrival, throughout

the distance of the shock wave propagation.

The projectile is assumed to be traveling parallel to the Y-axis striking the target at coordinates
(X,Y,Z). Microphones 1, 2, and 3 are placed in the front right, front center, and front left, respectively.
Microphones 4, 5, and 6 are placed in the back right, back center, and back left. These location
microphones (LM) are referred to as LM1-LM6. The microphone centers for microphones 1-6 are located
at X+1, Y,2), (X,Y,Z), X-1,Y,Z), (X+1,Y+1,Z), (X, Y+1,Z), and (X-1,Y+1,Z), respectively. Figure 5

shows the microphone placement relative to the target and the coordinate system used.




On the arrival of the shock cone at each microphone, a total of five time differences (T;,T,,T3,T4, and
Ts) are recorded. Two time differences are needed for each location array and one time difference for the

velocity determination. T;-Tj are defined as follows:

T, = Time difference between LM2 and LM],
T, = Time difference between LM3 and LM2,
T, = Time difference between LMS5 and LM2,
T, = Time difference between LM5 and LM4,
T, = Time difference between LM6 and LMS5.

The time differences T, and T, are measured from a moving sound source and can be related to a
hypothetical source that originates from a point in a vertical plane defined by LM1, LM2, and LM3. The
transformed time difference from each microphone pair defines a hyperbola of ambiguity, which is the
set of all point sources which produce this same arrival time difference. The intersection of these
hyperbolas locates the point source through which the projectile traveled (X,Z). Figure 6 is an example
of the hyperbolas of ambiguity.

Figure 6. Projectile location by intersection of hyperbolas_of ambiguity.

The altered difference in arrival time between the center and right microphone pair, D;, can be

determined from the following equation:

D, = - @
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where

R¢ = in-plane distance from center microphone to projectile location (meters),

Ry = in-plane distance from right microphone to projectile location (meters),

and the difference in arrival time between the left and center microphone pair, D, is:

_ (RL -Ro) _ T2
D, = a ~ Cos(o) )

where
R; = in-plane distance from left microphone to projectile location (meters).

It is useful to note that a positive time indicates that the source is to the right of the midpoint of a

microphone pair and that a negative time indicates that the source is to the left.

The sound source location is related to the microphone positions by using the law of cosines. On the right

side triangle:
Rp?=R? + A2 - 2R Acos8 =(Rq-aD;)? =R¢? - 2RcaD; +a’D,?, (6)

where

A = microphone separation distance (1 m),

0 = angle from microphone array axis to Rg.

Similarly for the left side triangle:
R;?=Rc? + A2 - 2RAcos(n-0) = R +aD,)? =R? + 2R¢caD, +2°Dy?, )

where cos(nt — 6) = —cos (0).
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Subtracting equation 6 from 7 yields:
4R cAcosd = 2R ca(D,+D;) + a(D,?-D}?). (8)

From geometry, the offset distance of the projectile from the center microphone is:
Re = Y22+X2 . )

Solving equations 8 and 9 for Z yields:

a(D, -Dy)
F e

c
2
Z=R 0 = a(D,+D . 10
ccosd = a(D,+Dy) T (10)

Rearranging equation 9 for X yields:

X = \/RCZ—ZZ. (11)

The projectile location for microphones 4, 5, and 6 can be solved using the same equations with the

substitution of D, and Ds.
Knowing that the position of the microphones are fixed and the projectile is assumed to be

perpendicular to the array, one can approximate the velocity. The velocity is determined by taking the

difference in position of the center microphones and dividing by the difference in arrival times of the

center microphones.

w (12)

12




where

Vp = predicted projectile velocity (meters/second),
Y e = v position of LM2 (meters),
Yy ms5 = ¥ position of LMS5 (meters).

3.2.3 Alternate Acoustic Location and Velocity Technique. Another location and velocity prediction
algorithm based on microphone detection of supersonic shock waves was developed and used on Yuma
Proving Ground (YPG) test ranges (Stallings 1992). Stallings’ technique does not require any special
microphone placement. The only requirement to locate projectiles and determine velocity is to have at
least 4 noncoplanar microphones. Three of the microphones form a triangle in the target plane, and the
other microphone is placed in front of the others. Generally, the more microphones used, the better the
location accuracy that can be provided. Better location accuracy is also accomplished when the
microphones lie close to the target plane and the hits lie in or near the center of the microphone array.
The input variables for accurate round location are meteorological data (to include temperature, humidity,
wind speed, and wind direction), a velocity estimate, fall angle estimate, target position, gun position,
microphone positions, and microphone trigger times. Location errors magnify when input values are not

precisely known. Stallings showed, through YPG tests, that errors as small as 2-3 ¢m are common.

Stallings’ technique first assumes that the projectile hits the target at the center of mass. The
theoretical times that the shock wave was detected by each microphone are then calculated. The actual
microphone times are compared to the calculated times. The output variables, projectile location, and
velocity are incrementally adjusted around the initial guess until the difference between calculated and
actual times is within a predetermined tolerance. This is a time-intensive algorithm that converges to the
solution in approximately 30 s on a fast personal computer. The algorithm could be optimized to reduce
inefficiencies in the program. There are two iterative nested processes within the algorithm. Stallings

believes that one of these can be eliminated to accelerate the program.

The Stallings algorithm cannot predict location in real time. Real time results are essential for proper
integration with RETS. Since this technique was developed for test ranges, many of the input variables
are known to a large accuracy at the testing range. There is no knowledge of the gun firing position on
the training range. For the purpose of RDS, the gun position represents the greatest source of error for

this technique and would significantly impact scoring accuracy.
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4. LIVE-FIRE TESTING

A series of live-fire tests was designed to investigate the hypothesis that acoustic signa_tures could be
used to discriminate round types. The smallest and largest projectiles within the test matrix were selected
for the initial test of the feasibility of the hypothesis. The logic was that if the data obtained during the
initial testing showed that the characteristics of the respective N-Waves permitted discrimination between
the projectile extremes, then, and only then, would a second live-fire test be conducted. The second live-
fire test would be a data collection effort to compile the N-Wave data of the remaining projectiles at
different intervals of velocity. Once the data were collected and analyzed, an algorithm would be
developed to produce round discrimination. Subsequently, the algorithm would be integrated with a
computer/breadboard. A third live-fire test would be conducted to validate the algorithm and the RDS
breadboard’s performance. Needless to say, the success of this last test series was highly dependent on

the results obtained within the feasibility and data collection tests.

These tests were formally described as the feasibility test, data collection test, and
verification/validation test. The breakdown of rounds and ranges used within each test series is given in

Table 2.

The data collected during the first two parts of the live-fire program were used to standardize the
method of collecting the N-Wave data and the specific parameters used in the N-Wave calculation. To
increase the amount of data acquired, several sensors were used for each shot. The parameters considered
for the N-Wave calculations were: ambient air temperature, projectile velocity, caliber, length, and offset
distance. Each live-fire test setup consisted of a fixed reference target and five high-fidelity microphones
arranged such that the projected distance form the target center was 1, 3, 6, 9, and 12 m, respectively, to
the microphones. Each projectile hit on the target was scored using a video scoring system, and the offset
distance from the projectile to the microphones was calculated, generating one parameter for consideration.
The projectile’s velocity was measured with a Weibel radar system, designed specifically for projectile

velocity measurement. The dimensions of each round were known, and meteorological data were

measured.

To ensure that there was no unintentional biasing of the data, the order of fire was randomized to the

extent practical. Theoretically, if an experiment involving different round types is conducted, the test
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Table 2. Proposed Round and Firing Range Breakdown for Each Test

Test Type

Feasibility

Round Type

120-mm M865
120-mm M831
105-mm M724
105-mm M490
25-mm M910
25-mm M793

400
400
400
400
400
400

Range
(m)

2,500
2,500
2,500
2,500
2,000
2,000

Data Collection

120-mm M865
120-mm M831
105-mm M724
105-mm M490
35-mm DM18
35-mm DM68
25-mm M910
25-mm M793
12.7-mm M33
7.62-mm M59

400
400

400

1,250
1,250
1,250
1,250
1,250
1,250
1,250
1,250
900
900

2,500
2,500

Verification/Validation

120-mm MB865
120-mm M831
105-mm M724
105-mm M490
35-mm DM18
35-mm DM68
25-mm M910
25-mm M793
12.7-mm M33
7.62-mm M59

TBD?

2 To be determined.
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factors such as weather conditions that contributed to the response.

conditions should be identical for all round types so that the round differences can be detected. Since
reality dictates that the process of extracting data is never the same each time, randomization reduces the
average effect of any irrelevant factors, and the errors in the response are independently and randomly
distributed over the population. Conversely, if rounds are systematically tested, i.e., all of a particular

round are tested at one time, then the true response of that round cannot be separated from the extraneous




4.1 Feasibility Test. The first part of the live-fire program was intended to be a small effort.
Originally, the 120-mm HEAT and KE training projectiles were scheduled to be fired at the closest z;lld
farthest engagement distances, and the data were compared to the 25-mm armor-piercing (AP) and HE
training projectiles at their extreme engagement distances. The extremes of the test matrix were designed
to envelop the velocity expected in real use. According to the simplified N-Wave calculations, the N-
Wave pressure and time duration produced from the largest projectile at its slowest velocity, far from the
microphone, was expected to approach the N-Wave pressure and time duration of the smallest projectile
at its fastest velocity, close to the microphone. If the round type of these two projectiles could be

discriminated, round discrimination using N-Wave data would be considered feasible.

4.1.1 Test Purpose. The purpose of this test was to determine if the N-Wave data collected with a
particular configuration of high-fidelity microphones could be used to discriminate the round types fired.
The largest projectile, the 120-mm M831, at its slowest velocity was to be compared to the 25-mm M910
at its fastest velocity. If the N-Wave data from the same offset distance were separable, then these

N-Waves of supersonic projectiles could be used to perform round discrimination at the target.

Due to the extremely high operational cost of M1/M1A1 tanks, and the prospect of incurring
prohibitively high maintenance costs at the turn of the fiscal year, it was decided to advance a portion of
the data collection effort into the feasibility study. Consequently, all 120-mm, 105-mm, and 25-mm
projectiles were fired during the feasibility test. The 120-mm rounds were fired from an M1A1 Abrams
tank, the 105-mm projectiles were fired from a M60A3 tank, and all the 25-mm rounds were fired from
an M2 BEV. Table 3 describes the actual rounds fired during the feasibility test. With the modification
of the test schedule, the sample set increased by 50% and would provide better parameter estimates in the

statistical analysis for this phase of the test program.

Table 3. Actual Round and Firing Range Breakdown
for the Feasibility Test

I Round Type Rénnge l

120-mm M865 400 1,000 1,700
120-mm M831 400 1,000 1,700
25-mm M910 400 1,000 1,400
25-mm M793 400 1,000 1,400
105-mm M724 400 1,000 1,700
105-mm M490 400 1,000 1,700
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4.1.2 N-Wave Characteristics. The acoustic signature for each projectile was studied specifically for
seven different characteristics. These were positive peak pressure, negative peak pressure, positive phase
duration, negative phase duration, total duration, peak net pressure impulse, and peak absolute pressure
impulse. The variables are illustrated in Figure 7. The data were compared to N-Wave formulas and
analyzed using advanced statistical methods. Shadowgraphs of the projectiles in midflight from previous
tests were compared to the N-Wave data to relate the signature features to the surface features of the
projectiles. This comparison helped determine if certain N-Wave features were truly dependent on the

projectile geometry or were the results of an environmental influence, such as a ground reflection.

The seven characteristics of the acoustic signature were essential to the N-Wave data comparisons.
The N-Wave formulae were used as a theoretical guide to help test the hypothesis of round discrimination.
The teal N-Wave data were used to empirically refine the N-Wave formulae. These formulae provided

an engineering basis for the round discrimination algorithm used on the breadboard.

4.1.3 Data Acquisition and Reduction. The data acquisition system consisted of two systems for
recording and one system for sensing. The sensors were high-fidelity microphones able to operate in the
range of overpressures encountered. These sensors were high-value items and were not intended as an
all-weather solution to a fielded RDS. The priority lay in obtaining high-fidelity signals to accurately
record the N-Wave phenomenon. The N-Wave data from several projectiles, at several offset distances,
traveling at various velocities, had to be studied and analyzed. The two recording systems served a dual
purpose. Each system had a specific deficiency—poor resolution in either time or voltage levels. Each
was able to complement the other in that respect. The secondary purpose was to provide a backup

recording system in the event of a malfunction during the live-fire test.

Reduction of the data was performed on a personal computer (PC). The data from each channel were
converted into ASCII files. These files were read into a data processing program called DADisp (DSP
Development Corporation 1991). This software had the capability to read the data, convert them into
engineering units, and perform a series of calculations. Among those were the calculation of net pressure
impulse and absolute pressure impulse. Along with these calculations and plots, DADisp helped to
determine the pressure peaks and durations. At times, the signals were clipped. In an effort to maximize
the resolution in the ordinate, the recording window was set as small as possible. At times, the recording
devices were preset on low. As a result, hard data on the maximum levels were lost. DADisp software

helped curve-fit the peaks, restoring the data with at least £10% accuracy.
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Figure 7. Seven parametric features of the N-Wave.
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4.1.4 Instrumentation. B&K microphones are high-grade laboratory instruments with the following
specifications: sensitivity of -56-dB sound pressure level (SPL), flat frequency response from less than
5 Hz to 50 kHz, and dynamic range up to 178 dB SPL with 3% distortion. Each B&K mfcrophona unit
is comprised of a type 4136 1/4-in microphone, a type 2639 preamplifier, and a type 2801 AC or a type
2804 DC power supply. The cost per unit is $3.5k-$4k in small quantities.

The outputs of the microphones were connected by 150-ft BNC cables to three TEAC digital audio
tape (DAT) recorders and a Hewlett-Packard (HP) digital oscilloscope, model no. HP 54112D, controlled
by a PC located behind a berm. The three DAT recorders had a total of six wide-band channels (two
channels per DAT) with 48-kHz sampling rate and 14-bit resolution per channel. The HP digital
oscilloscope had four input channels with 1-MHz sampling rate per channel and 8-bit resolution per
channel. The PC communicated with the oscilloscope through the IEEE port. A data acquisition program
written in C language was developed to automatically dump 64 kB of data per channel onto the PC’s hard
disk when the scope was triggered and to reset the scope to wait for the next trigger. Both types of

recording instruments were used to provide both time resolution and amplitude resolution.

4.1.5 Acoustic Signatures. Live-fire tests were conducted at the H-field facility at APG, Edgewood
Area (EA). Data collected during the feasibility test are summarized in Appendix A. The target was
positioned up on top of a berm at the end of the field. The firing platform was moved to each firing
station. After some calibration rounds were fired, the testing for each projectile type was performed. A
cursory look at the data, while still on the field, indicated that the signals for each round type was distinct.
Qualitatively, it was surmised that round discrimination was feasible. A subsequent closer look, within

the laboratory confirmed this fact, quantitatively, and is discussed in section 5.

The M831 and M490 rounds possessed distinctly different N-Wave shapes. The M490 round
produced the classic N-Wave, as seen in Figure 8, while the M831 round had several interval shocks on
the negative phase of the N-Wave. As the offset distance varied, the level and occurrence of the shocks
changed. This indicated that the shock was produced from a surface feature and was merging with the
tail shock. The time relation of shock travel and the distance to the ground disputed the idea that it was
a ground reflection (Ritzel and Gottlieb 1982). These observations were distinct to the M831 round and
not the M865.

19




4000.0

3000.0 |

2000.0 -

1000.0

Pressure,
Pa

0.0 —

-1000.01

-2000.0 4

-3000.0 4

M831, 120mm at 6m Offset, 1000m Range

00002 | 00006 00010 00014 00018 00022  0.0026

Time, Sec.

3000.0 1

2000.0 1

1000.0 A

Pressure,

Pa 0.0

-1000.0 1

-2000.0 1

-3000.0

M490, 105mm at 6m Offset, 1000m Range

0.0000

0.0004 0.0008 0.0012 0.0016 0.0020 0.0024

Time, Sec.

Figure 8. M831 and M490 comparisons.
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It was speculated that these pressure differences are due to shock interaction with the fins, and the
nonogival geometry of the M831 round. The M831 round has the stand-off fuse and the concave taper
to the body, as opposed to the convex taper of the ogive. The body slims down aft of the body for
aerodynamic flight. The bottle nose feature may create a separation, causing a shock, unless it is
isentropically ramped. If the surface aft of the body turning away from the flow is of sufficient gradient,
another separation would occur, creating more shocks. A detailed summary of the resultant data is
included in Appendix B. Figure 9 shows the same comparison between the M793 and M910 fired from
a BFV. The slimmer AP rounds shows the classic N-Wave while the HE round has the secondary tail
shock.

1000.0 1 M793 and M910, 25mm at 6m, 1000m Range
500.0 1 M793
Pressure,
Pa

0.0 4 FLMIIM}"LLLLM

M810

-500.0 A

-0.00010  0.00010  0.00030  0.00050  0.00070  0.00090

Time, Sec.

Figure 9. M793 and M910 signature comparisons.

4.1.6 Round Location and Velocity Determination Data. The RDS acoustic location system consisted
of six electret microphones. Each microphone was connected so that it acted as a variable resistor when

exposed to sound. In response to the acoustic shock wave, the current in the microphone wires increased.
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The current was converted to a voltage signal by a signal conditioning card. The six pulses were recorded
on two DATs. LM1, LM2, and LM3 were recorded on DAT 1, and LM4, LMS5, LM6, and LM2 were
recorded on DAT 2. LM2 was recorded on both DATS so that all six microphone trigger times could be
related to one time base. The DAT clock was synchronized to the Weibel radar clock. Each channel was
played back through a Nicolet digital oscilloscope and manually reduced for the time passed until shock
detection (see Appendix C). The accuracy of these times was within £21 ps. The time difference pulses

TI—T5 were then calculated.

4.2 Data Collection Test. The result of the feasibility test suggested that round discrimination using

acoustic signatures was possible and the data collection test should proceed. The ammunition used in the
data collection test is shown in Table 4. This portion of the project was originally intended to be the
major data collection effort. However, since all of the main gun data needed for the M60A3, M1/A1, and
M2 were collected during the feasibility test, all that remained were the TPGID and small arms.

Table 4. Actual Breakdown of Rounds and Ranges
for Data Collection Test

Range
Round Type (m)
35-mm DM138 400 1,000 1,700
35-mm DM68 400 1,000 1,700
35-mm TPL-T 400 1,000 1,400
12.7-mm M33 400 1,000
12.7-mm M17 400 1,000
7.62-mm M59 400 600 800
7.62-mm M62 400 600 800

The small arms ammunition used on a training range is either ball or tracer. The tracer ammunition
was studied as an independent round type since the effect of the tracer was postulated to have an effect
on the N-Wave. It was theorized that the pyrotechnic material would increase the duration since it would
add energy to the wake. The degree of effect was pure conjecture. Only one type of 35-mm TPGID was
supposed to be tested. Before the data collection test occurred, two new types of TPGID rounds, DM68
and the TPL-T, were obtained for testing. These were surplus obtained from a lot which had just
undergone proof-testing with the U.S. Army’s Combat Systems Test Activity (CSTA). These rounds were
tested independently of the DM18. Their diameter and length were unchanged, but the surface features
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were different. The DM68 and the TPL-T have a sharp pointed cone attached to a cylinder body, as
opposed to the DM18, which has an ogive shape. It was speculated that there would be a slight change
in the N-Wave but that the change would not be significant. )

The purpose of the data collection test was to complete the database of projectile signatures expected
on a U.S. Amy training range. These signatures were needed to develop the RDS algorithm and form
the basis of all assumptions and work. Once the data were collected and reduced, a major milestone in

the project would have been reached.

To perform the test, an M1A1 Abrams tank was needed to fire the TPGID ammunition. A Mann
barrel, a device constructed for precise single-shot testing of small arms ammunition, was used to perform
the 7.62-mm and 12.7-mm shots. The Mann barrel consisted of a towed gun carriage and two barrel

assemblies, one for each caliber.

The effort to field a calibrated pressure sensor was deemed impractical after considering the number
of sensors needed to cover all the U.S. Army live-fire gunnery ranges. This made any parameter not
dependent on the pressure levels very attractive. The total duration was one parameter that seemed to be
most consistent, and discriminating. The same seven variables examined in the feasibility test were
studied in the data collection effort, in the likelihood that the total duration failed as a discriminator with
inclusion of the additional data.

The same two recording systems used during the feasibility test were employed for the data collection
test. A third recorder was added. This was a digital transient data recorder card mounted in a PC. It had
12-bit resolution in the ordinate, with a 250-kHz sampling rate. This was deemed sufficient response for
the 7.62-mm rounds. The resultant plots were much smoother in appearance, and the accuracy of the data

was enhanced.

Five B&K high-fidelity microphones were set up at 1 m, 3 m, 6 m, 9 m, and 12 m, respectively, to
the left of the bull’s-eye in front of the target. In addition, three low-cost ($150.00 each) high-fidelity
microphones from Countryman were set up next to the B&K microphones at 3m, 6 m,and 9 m. The

Countryman microphones were much more ruggedized and rain resistant than the B&Ks.
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A new data collection system was used. The system consisted of a 486 Extended Industry Standard
Architecture (EISA) computer, two four-channel 1-MHz EISA data acquisition cards, and a graphical
programming software tool called LabView for Windows. The system emulated an eight-_channel high-
speed (250 kHz per channel) digital oscilloscope with the programming capabilities of a PC. The acoustic
signatures of the microphones were automatically captured and displayed on the monitor, scaled, truncated,
and stored on the hard disk after each tank round was fired. This new system greatly reduced the data

processing and reduction time. The same four-channel 1-MHz HP digital oscilloscope was used as a

backup system.

Post-test data analysis showed that the Countryman microphones did not have the 65-dB dynamic
range necessary to capture the supersonic shock wave of large projectiles. For small rounds such as

12.7 mm and the 7.62 mm, the Countryman microphones responded well.

A second series of live-fire tests was also conducted at H-Field facility at the APG, EA. Data from
these tests are compiled in Appendix D. The same equipment used during the feasibility test was
employed during the data collection test. The target was positioned on top of the same berm used during
the feasibility tests. The firing platforms were moved to specific firing stations. After some calibration
rounds were fired, the testing for each projectile type was performed. An immediate look at the data on
the field indicated that the signals for the small-caliber rounds were different from the main gun rounds.

This observation was subsequently verified during the detailed analysis.

The bulk of the data considered was from the transient data recorders. The resolution in the abscissa
and ordinate made the data optimal when performing data reduction. Figure 10 shows the typical plot of
a 35-mm DM18 projectile raw data, fired from 1,700 m at the 9-m offset distance.” See Appendix E for

details. Appendix F summarizes the microphone positions and associated shock detection times.

*The N-wave appears upside down because the signal from the microphone was increased by an inverting amplifier.
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Figure 10. Raw data of 35-mm DM18 at 9-m offset, fired from 1,700 m.

5. ANALYSIS OF LIVE-FIRE DATA

The live-fire data was analyzed using two distinct approaches. The first was an engineering approach,
based on Whithams formula, that described a mathematical model which related the physical properties
and events. This model was thought to be adequate for predicting occurrences within and beyond the test
matrix. The second approach used advanced statistical analysis. By analyzing the data on the variables,

a empirical model was constructed to predict within the test matrix.

5.1 Variables Investigated. The seven variables investigated were as follows: positive peak pressure,

negative peak pressure, positive phase duration, negative phase duration, total duration, peak net pressure
impulse, and peak absolute pressure impulse. It was hypothesized that the positive peak pressure and
negative peak pressure generated from the main gun rounds would be so much stronger than the BFV
rounds that merely sensing the levels would provide discrimination. Subsequent calculations negated this
hypothesis. A small round close to the sensor would appear stronger than a large round far from the

sensor. The drop in peak pressure with distance was estimated to be roughly to the power of 1/5th.
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The predictions of time durations were greatly varied over round type. According to the time duration
formula, the total duration is strongly related to the diameter of the projectile. Since the rounds all have
distinct diameters, and the other variables of the time duration formula can be quantified, time duration
should be a pronounced discriminator. Time duration does not require any calibration. All that is needed
is an accurate, high-speed clock. The intervals of positive and negative pressure phase time durations can

also be used to identify the originator of an N-Wave.

There was much speculation that the environment would significantly influence the variables
mentioned. The temperature of the ambient air, humidity, air density, wind, and dust were thought to be
capable of distorting the perfect N-Wave such that the N-Wave of a small round fired on a cold day at
sea level might appear the same as a large projectile N-Wave fired at high altitude on a hot day. To
attempt to evaluate the N-Wave, a measure of the energy imparted to the atmosphere was used. The total
duration pressure impulse is simply the integral of the entire N-Wave pressure curve. The value of the
pressure impulse at some point in time along the N-Wave is the net value of energy contributed to the
local environment. As the projectile flies through space, the KE is transferred by the viscous effects of
the surrounding fluid. The majority of the energy transfer is performed in the nearly isentropic
compression of the local air, thus the bow and tail shock. A small percentage of the energy is consumed
in viscous losses, such as the trailing wake eddies, flow separation, friction heating of the projectile, and

the losses incurred by a not perfectly isentropic compression of the air.

The total duration pressure impulse shows the entire amount of net energy imparted to the surrounding
fluid. The negative value at the end of the total duration pressure impulse curve is due to energy loss to
the surrounding fluid. The projectile passes through a point in space and momentarily displaces the air.
The energy transferred to the nearly isentropic bow shock radiates from the bow. The air moves a little,
but the energy in the shock travels at the local speed of sound. As the projectile passes, the local energy
state of the air retums to the original level, plus any energy imparted to it by projectile kinetic losses. The
air shocks back into the wake as the wake eddies dissipate energy and collapse. This marks the end of
the energy transference. The net effect is a negative value. The value should be approximately equal to

the losses imparted to the air, which result in local heating of the air.

The peak value of the total duration pressure impulse curve demonstrates the total duration energy
transferred from the travelling projectile to the local air, at that instant in time. The energy transfer of the
projectile is strictly a function of speed and projectile shape. Ambient air conditions have a negligible
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effect on this value. As a result, a projectile could be discriminated by this feature without regard to the

environmental conditions. Another method of using this variable is to consider the absolute contribution

of energy transference.

The absolute pressure impulse is taken when considering all the values of the N-Wave as positive
only. In this manner, the absolute total duration of energy transfer is considered. This works such that
any losses in the projectile’s flight are included into this value and can further separate the groups of

projectiles for discrimination.

Three different engineering methods of analyzing the data were pursued. The first method was the
use of the seven variables in conjunction with the time duration and the overpressure formulations. This
method would provide the discriminant algorithm with a theoretically derived mathematical model that
employed thermodynamic relationships. This model could be used to discriminate rounds if the live-fire
data matched the calculated results. If not, a modification of this formulation could be performed,

resulting in quasi-empirical formulation.

The other two methods were similar to each other in process. A Fourier transform of the data could
produce key frequency features that could be used to discriminate the projectiles. Another method of
transfer analysis is called Wavelet analysis. Using this method, the signal is transferred into the domain
of a discrete function, rather than the continuous function of the frequency domain. By picking a discrete
function, the signal is transferred by taking the convolution integral. This method works if there is a

specific shape to each N-Wave when normalized in the abscissa and ordinate.

The results from the live-fire data collection efforts were N-Waves that were extremely similar in
shape. The Wavelet theory would not work since the normalized shape of the N-Waves were so closely
matched. A Fourier analysis was initially performed (Hulet 1992), showing extremely promising results
(see Figures 11-14). The peak frequency for the 12.7 mm was 3.58 kHz; the 7.62 mm was 4.15 kHz.
Unfortunately the data had undergone some smoothing process, and the resulting Fourier analysis yielded
artificial suppressing frequency peaks. When the ARL live-fire data were transformed, the results did not

yield adequate discriminants. The Fourier transform was shown to relate only to the duration intervals.

Since the durations were strongly related to a rounds specific dimensions and the transformation

techniques were clearly influenced by the durations, the time duration formula was selected as the best
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possible, practical method of discrimination. The need to calibrate sensitive pressure gauges for a mass
production item was impractical. Therefore, all the variables that required pressure levels, such as positive
and negative pressure, peak value of total duration pressure impulse, total duration, and absolute pressure
impulse, were disregarded. These data were retained for use in the event that the time durations could

not be used to perform a high rate of round discrimination.

The total time duration was compared to the data and found to compare well. The resulting computed
durations were constantly proportional to the data. This indicates that the earlier assumption, that the
formula could be applied to large-caliber, non-ogival-shaped projectiles was good. The fairly constant

proportionality for each projectile resulted in a stochastic modification of the duration formula with a

shape constant.

5.2 Feasibility Study.

5.2.1 Live-Fire Data. An empirical model was developed from the feasibility test data to determine
the feasibility of round discrimination. The following sections describe the data analyzed and statistical
tests implemented. The analysis begins with examination of the 1,000-m data and ends with three models
developed using a statistical tool known as discriminant analysis. The number of rounds in the analysis
from each round type is listed in Table 5. As described earlier, for each round fired, five signatures were

collected from microphones placed 1, 3, 6, 9, and 12 m, respectively, from the center of the target.

Table 5. Number of Rounds Analyzed in Feasibility Study

Distance 25 mm 105 mm 120 mm
(m) M793 M910 M490 M724 M831 MB865
400 4 3 3 2 3 3
1,000 3 3 3 3 3 3
1,400 3 3 - - - -
1,700 - - 3 3 3 2

The 7th ATC’s original minimum requirement was to distinguish between rounds <30 mm from those
>30 mm. A more ambitious task was undertaken to try to distinguish among all the round types. This
goal produced six categories for discrimination: 25-mm KE, 25-mm HEI, 105-mm KE, 105-mm HEAT,
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120-mm KE, and 120-mm HEAT. The data collected from the signatures, location study, and Weibel

radar were all candidates for inclusion in the models for discrimination.

5.22 1,000-m Data. Preliminary analyses to determine the feasibility of discriminating different
round types were initially performed on the 1,000-m data. Statistical tests were performed on each
variable, and at each microphone separately. These tests sought to determine if one of the variables could
be used to discriminate the six round types. These tests also sought to determine the optimal microphone

distance for future implementation.

The 1-m microphone often produced saturated signals. The actual offset distance fell into four
regions. Region 1, data collected from both the 1-m and 3-m microphones, had offset distances less than
4 m. Region 2, data collected from the 6-m microphone, had offset distances from 4 m to 7 m. Region

3 has offset distances >7 m and up to 10 m. Region 4 offset distances were >10 m.

The Kruskal-Wallis test was used to test the hypothesis that the six round types have equivalent mean
values in comparison to the alternative, which is that at least two round types differ. This nonparametric
test performed an analysis on the ranks of the data rather than the actual data values. The ranks started
with 1 for the smallest value among the six round types. The largest value from all six round types
received a rank of N, the number of test data from the six populations. The advantage of the
nonparametric test was that the test did not require assumptions of normality of the data or homogeneity
of variances (HOV)—that is, equality of variance among the groups. Appendix M provides an example
of implementing the Kruskal-Wallis test and provides detailed results of the test for each variable.

The results of the Kruskal-Wallis test performed on each variable indicate that at least two round types
differed from each other in each of the four regions. To determine exactly which round types differed,
the corresponding multiple comparison test was implemented. In summary, most of the variables
distinguished between the small and large-caliber rounds—that is, <30 mm vs. >30 mm—satisfying the
7th ATC’s minimum requirement. The only variable that did not was negative phase duration in regions 3

and 4.

All the other variables in each region distinguished between large HEAT and large KE rounds. The

105-mm and 120-mm training HEAT rounds were not statistically different from each other, nor were the
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105-mm and 120-mm training KE rounds. But the 105-mm and 120-mm training HEAT rounds were
statistically different from the 105-mm and 120-mm training KE rounds.

For some variables, the two smaller-caliber rounds were distinguishable from each other. These results

are summarized with the following notation:
25 K #25 H # (105 K = 120 K) # (105 H = 120 H).

The round types are listed in order from lowest average rank to the highest. Parentheses around two
round types indicate there is no significant difference between the rounds. What the nonparametric
analyses indicated was that many of the variables under consideration were good candidates for
discriminating at least the small-caliber rounds from the large-caliber rounds for 1,000-m data. The
duration and pressure impulse values were good for discriminating the rounds in the four categories
grouped previously (i.e., small KE, small HEAT, large KE, and large HEAT). The first region (offset
distance <4 m), representing data collected close to the flight of the round, was the hardest region in
which to discriminate. The facts provided a guide to the placement of the microphones for future tests.

5.2.3 Analysis of Data From All Ranges. The preliminary analysis of the data at the 1,000-m range
indicated that several of the variables were independently able to separate the round types. The goal was
to find one or more variables that could separate the round types and was insensitive to range. As
mentioned in the previous analyses, it was difficult in some cases to separate the M724 from the M865
rounds and difficult to separate the M490 and the M831 rounds from each other. Therefore, in the next
analyses, the discrimination was among 4 groups (not 6): M910, M793, M724/M865, and M490/M831.

« Visual Inspections. Various plots of the signature variables of interest vs. microphone distance were
examined to determine if there were obvious trends in the data that separated the round types, independent
of the range. Positive peak pressure was plotted in Figure 15. Some separation in the data between the
large-caliber rounds and the small-caliber rounds was observed. However, among the large-caliber rounds,
separating the HEAT from the KE rounds over all the distances is not easy. This indicated that positive

peak pressure is sensitive to range and would not be a good candidate for discrimination.

Upon examining the plots of total duration vs. microphone offset distance for each firing position

(range), little change in the shape of the curves was observed. Figure 16 shows all the ranges together
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on one graph. This plot suggested that total duration is not sensitive to range and is a good candidate for
discriminating round types. If microphone offset distance is known, the type of round can be determir]ed
based on the magnitude of the total duration. In some cases, the round can be determine:d independent
of the microphone offset distance. For instance, if the total duration were >1,500 ps, the round would be
a large HEAT round (M831 or M490), independent of the microphone offset distance. However, if the
total duration were 600 ps, one could not be certain if it were a large HEAT round with a microphone
offset distance <2 m, or a small HEAT round, M793, with a microphone offset distance of approximately
12 m. These observations led to conclude that total duration alone cannot be use to discriminate among

the rounds, and a more objective and quantifiable way to combine variables and separate the groups was

needed.
5.2.4 Discriminant Analysis for All Ranges.

« General. Discriminant analysis is a statistical technique which uses linear combinations of variables
to determine if one or more variables will categorize the populations (round types), and it is described by

Marriott (1990) in the following way:

Given a set of multivariate observations on samples, known with certainty to come from two or
more populations, the problem is to set up some rule which will allocate further individuals to the
correct population of origin with minimal probability of misclassification. This problem and

sundry elaboration of it give rise to discriminatory analysis.

In linear regression, one develops a linear model with one or more explanatory (independent) variables

X;’s to describe the response (dependent) variable y. A linear equation is of the form:
y = By+BX;+ByXy+B3X3+B Xy ...,

where the coefficients B,’s are linear. The x;’s can take a nonlinear form such as x raised to a power or

a functional form as the natural logarithm or exponent.

In the application of categorizing (or classifying) the round into the four groups (M910, M793,
M724/M865, and M490/M831), round type is not a measurable response; therefore, univariate regression

34




analysis is not appropriate. The multivariate tool, discriminant analysis, allows us to form one or more

functions, where the value of the function(s), in combination, categorizes the round types.

f] = a5 + ajX; + ayXy + A3Xg + 4Ky + ..
f2 = bO + blxl + b2X2 + b3X3 + b4X4 + ...
f3 = €y + CjX; + CyXy + C3Xg + CyXy + .

)
1

n = ZO + lel + QX2 + %X3 + Z4X4 + e

Only variables that are not highly correlated with one another and contribute significantly are selected
into the model. Forming the functions is performed in a stepwise fashion, with the most "significant
variable" that most separates (and therefore discriminates) among the round types entering the model first.
Given that this first variable is in the model, the next variable, which is not highly correlated with the
variable(s) already in the model and would contribute most from the remaining significant variables, is
entered into the model. This process continues until no variable can satisfy the two aforementioned

conditions.

Several criteria are available for entering significant variables into the model (SPSS Inc. 1990a).
Wilk’s Lambda was used in this analysis. Wilk’s Lambda is the ratio of the within-groups sum of squares
to the total sum of squares when the discriminant scores (the f;’s) are the dependent variables, and the

group is the independent variable.

The tolerance for correlation of variables was set at 0.1. Tolerance is the amount of linear association
between the incoming variable and the variable(s) already in the model. It is equal to 1-&2, where Riz
is the squared multiple correlation coefficient. Variables with small tolerance values (and therefore large

Riz values) are not entered into the model.

These analyses were performed using a statistical software package called SPSS. With a set of
functions to characterize the discrimination, a territorial map of the categories of at most two dimensions

is provided. This procedure is explained in more detail, with actual data from the test program, in the next

paragraph.
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« Discriminatory Functions for Live Fire Data Set. Wilk’s Lambda criterion was implemented for the
model development of the live fire data set. Total duration was the first variable to enter the model and
is the one variable that best separates the round types into their appropriate groups. As described earlier,

total duration alone cannot guarantee correct classification of all the rounds. The stepwise process

continued with the following variables:

Total Duration

Peak of Absolute Pressure Impulse

Velocity

Microphonic Off-Set Distance

Negative Peak Pressure

Positive Peak Pressure

Subtotal Duration (addition of positive and negative phases).

N e AW N e

These 7 variables were able to correctly classify 99.50% of the round types. As shown in Table 6. There

was one misclassification: M793 classiﬁed as M910.

Table 6. Classification Result for Original Seven Variables

Predicted Group Membership

Actual Group IEI:‘;S é’sf 1 5 3 4
M910 M793 M724/M865 | M490/M831
1. M910 36
2. M793 36 35
97.2%
3. M724/M865 61 61
100%
4. M490/M83 69 69
100%

‘ If one looks back at Figure 16 (total duration vs. microphone distance), some curvature in the data
is seen. The natural logarithm (In) of total duration will linearize the plot as shown in Figure 17.
Repeating the discriminant analysis process, the natural logarithm of total duration is the first variable to

enter the model. Continuing the analysis, the model contains the following variables:
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In(Total Duration)

Offset Distance

Velocity

Total Duration

Peak of Absolute Pressure Impulse
Negative Peak Pressure

N kR W

Peak of Pressure Impulse.
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Figure 17. In(total duration) vs. microphone distance.

These variables produced all correct classification results. Note that both the natural logarithm and
raw units of total duration entered into the model. Although the two are not independent of one another,
they pass the tolerance criterion. However, the pooled within-groups correlation between the two is 0.88.
To avoid problems with multicollinearity, an unstable model as a result of highly correlated explanatory

variables, it was not advisable to keep both of these variables in the model.

From the seven variables listed previously, subsets of variables were formed in search of smaller

models that may be equally successful. Three reduced models will be explained in the following sections.
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« Reduced Model A. From the set of variables produced in the aforementioned model, In(total

duration) and microphone offset distance were used to form a discriminating model that requires just one

function:

f; = -84.059 + 12.774 In(Total Duration) - 0.523 Microphone Distance. (15)

When the frequency of the fj-values are plotted in histogram form, as shown in Figure 18, four
clusters are produced, which represent the four groups of interest. The histograms do not overlap,
indicating correct classifications for all the groups were achieved. The values on the abscissa are the
f;-values. Below that, the class centriod is provided in two forms. The relative location of the centroid
compared to the group histogram is given first. Each group is numbered as 1 for 25-mm KE, 2 for
25-mm HEI, 3 for Large KE, and 4 for Large HEAT. The f-value of the centriod is provided next. The

limit values are the greatest value of the group starting from the left. These limits provide the following

functional mapping:
f; £ -9.02 M910 (25KE)
-9.02 <f; < -2.39 M793 (25 HED
-2.39 <f; < 478 M724,M865 (Large KE)
f; > 478 M490,M831 (Large HEAT). 16)
20 ¢ 25 KE 25 HE Large KE Large HE
4
F 4
R 15 1 3 4
E 3 44
g 3 3 44
3 3 444
E 10 4 3.3 4444
N 3 33 44444
c 1 333 44444
Y n 2 3 33 444444
5 11 2 3 3333 444444
1,111 2 22 3 3333 424444
11111121 1 | 22222222222 333 3333333 4444444
g L LMINININT | 222222222227 33333 3333333 4444444 L
-12.0 {s.0 -4.0 .0 4.0 8.0 12.0
Class
Centroids 1 2 3 4
value -11.91 -6.13 1.35 8.22
Limit -9:02 -2:39 4.78

Figure 18. Feasibility phase model A: histogram of group classes.
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* Reduced Model B. Referring back to the set of seven variables that include In(total duration), other
combinations of variables were considered that would classify all the rounds correctly. Consider the
variables In(total duration) and velocity. The discriminant analysis requires two functions as shown in
equation 17, resulting in 98.03% of the data correctly classified. Of the misclassified data, one M910
round was classified as an M793, and three M793 rounds were predicted as M910’s (see Table 7).

-42.451 + 5.994 In(Total Duration) + 0.00129 Velocity
-2.800 + 0.529 In(Total Duration) + 0.00650 Velocity. 17

f
f

Table 7. Classification Result for In(Total Duration) and Velocity.

Actual Group No. of Predicted Group Membership |
Cases
1 2 3 4
M910 M793 M724/M865 M490/M831
1. M910 36
2. M793 36
3. M724/M865 61 61
100%
4. M490/M831 69 69
100%

» Limitations on Model B. As mentioned earlier, the data gathered from the 1-m microphone to the
target was not reliable. Therefore, only the data collected from a distance >3 m was considered in the
analysis. With the same variables In(total duration) and velocity, 100% correct classification was achieved

with the model.

-68.539 + 9.719 In(Total Duration) + 0.000994 Velocity
-3.652 - 0.397 In(Total Duration) + 0.00650 Velocity. (18)

f
f

The data plotted in (f1, f2) space is shown in a scatterplot in Figure 19. The data point is denoted
with the group number. The "*" indicates the group centroid. Because of the graphics output from SPSS,
overlapping points are not shown. The number of points indicated on the scatterplot may not add up to
the number of cases actually analyzed, and misclassified cases may be difficult to visualize. Classification

results are provided in the table for models where misclassification occurs.
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Figure 19. Feasibility phase model B: scatterplot.

The territorial map in Figure 20 shows the boundaries for each group in (f;, f,) space. These

boundaries are constructed such that any point in a group in the f;-f, plane would be closer to that group

centroid than any other group centroid. This is useful for predicting the group membership of an unknown

round.
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The process of selecting subsets of variables from the base set continues. The remaining variables:
peak of absolute pressure impulse, negative peak, and peak of pressure impulse are difficult to obtain in

the field because the microphone would have to be more finely calibrated.

* Reduced Model C. A third and quite different reduced model was considered. Total duration is the
single variable that best discriminates among the groups of rounds. If this variable were collected from
a microphone placed on each side of the target, collectively the rounds should be identified uniquely.
Although our test array of five microphones was on the same side of the target, the data from two
microphones were carefully selected to determine if discrimination were possible with nothing more than
two total durations. A two-function discrimination model was developed from the 6- and 12-m

microphones:

-17.186 + 0.0115 Total Duration 6 + 0.00331 Total Duration 12
-0.0887 - 0.0317 Total Duration 6 + 0.02651 Total Duration 12. (19)

o
nou

The assumptions for an optimal model is normality of the independent variables and equal covariance
matrices of each group. Box’s M test was used to check the equality of covariance matrices based on the
determinants of the matrices. Box’s M test is also sensitive to the normality assumption. Of the three
models developed previously, only Model C did not pass Box’s M test for equality of covariance matrices.
This indicates that the model is not statistically optimal, and problems may arise in predicting rounds.
In spite of this, the model predicted all correctly, as shown in Table 8, and the scatterplot and territorial

map in Figures 21 and 22, respectively, show good separation among the groups.

« Verification of the Feasibility Models. Each of the three models described in the previous section
represents the best classification rate since all of the data was used to develop the model. Often, live fire
tests are conducted to verify that the model is truly adequate. This verification was expected to be
performed later in the program when all round types had been incorporated into the final model(s). To
check the adequacy of the current feasibility models, a portion of the data was taken for model
development. The remaining data were reserved for testing the model, a form of goodness-of-fit.
Stratified random sampling of two-thirds of data was implemented for adjusting the coefficients associated
with the variables in each of the three models listed previously. Stratification was performed by randomly
selecting one round from each round type at each range to be reserved for testing the model adequacy.

The other rounds were used for the model development.
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Figure 22. Feasibility phase model C:
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All three resulting models performed well. Each adjusted model correctly predicted all of the rounds
used to develop the model, and each model correctly predicted each of the reserved rounds. Additionaﬁy,
a set of theoretical data was created in a blind study to test the adequacy of Model C Qith two total
durations. Twelve theoretical total duration values were computed for the various round types as if the
microphones collecting acoustical signatures were placed on each side of the target. These values were
placed in the discriminatory function. The resulting discriminant values correctly predicted the group

membership for each round type, as seen in Table 9.

Table 8. Classification Result for Two Total Durations

Actual Group No. of Predicted Group Membership
Cases
1 2 3 4
M910 M793 M724/M865 M490/M831
1. M910 9 9
100%
2. M793 9 9
' 100%
3. M724/M865 15 15
100%
4. M450/M831 18 18
100%
Table 9. Verification Results
Actual Group No. of Predicted Group Membership
Cases
1 2 3 4
M910 M793 M724/M865 M490/M831
1. M910 3 3
100%
2. M793 4 4
100%
3. M724/M865 3 3
100%
4. M450/M831 2 2
100%
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« Feasibility Test Conclusion. Acoustical signatures, particularly total duration of the N-Wave curve,
can be used to discriminate between the following round types:

- small- and large-caliber rounds

- large (105- or 120-mm) HE and large KE training rounds

- 25-mm HEI and KE training rounds.

With the use of discriminant analysis, three models that correctly classify 100% of the rounds have

been developed. These models contain the following variables:

- total duration and microphone offset distance
- total duration and velocity (>3 m)

- two total durations.

5.2.5 Location and Velocity Data. During the feasibility test, the six microphones were set up in
two triangular arrays as shown in Figure 23 (see Appendix C for exact microphone locations). The time
differences, microphone and target locations, and meteorological data were processed through the Stallings
algorithm discussed in 3.2.3. The data were first reduced for velocity prediction. The Stallings algorithm
predicted the velocity, on the average, within 2% of the actual velocity verified by radar. The locations
were, on the average 20 cm from the actual video scored locations (see Appendix G). The error was
mostly due to microphone placement. The projectile hits did not go through the center of the microphone
array. The microphones were purposely placed low to the ground to keep them from being hit and to see

what errors would be generated.

Six M831 projectiles, fired from the 1,000 m position, were analyzed to study the effects of input data
on the accuracy of the predicted location. Table 10 shows how a change in each input value of

meteorological data, fall angle, and gun position affects the projectile location.

The error associated with the microphone positions depends on the contribution of that microphone
when determining the location. If the projectile flies close to a microphone, the algorithm weights that
microphone’s data such that it provides a larger contribution to the output location. Generally, the average
survey error of all the microphones will be close to the average scoring error. The survey error was

typically around 1 mm for each microphone with the use of a precision theodolite and an experienced
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Figure 23. Feasibility test microphone array and target setup.

Table 10. Input Values Effect on Location

Input Values Change for Each Additional Change in
Location
(mm)
Meteorological Data
Temperature 1° 3
Wind 1 m/s 4
Humidity Any Humidity 3 max
Ballistics
Fall Angle 1 mil 3.6
Gun Position
X 1m 5
Y 1m 0.5
Z 1m 4
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surveyor. Errors associated with microphone times also depended on that microphone’s contribution.
There is more of an effect on location for slower projectiles since their shock waves are more obliq;e.
The errors associated with meteorological data and fall angle are considered relatively smz;ﬂ. The major
downfall with the Stallings technique is the dependence on knowing the gun’s position. Elevation
changes, Z, are not that great on a training range. The major errors come from not knowing an accurate
range and deflection of the gun position relative to the target. The Stallings technique was eliminated as
a candidate for RDS location algorithm because it was slow and had large potential gun position errors.

5.3 Collection Phase.

5.3.1 Live-Fire Data. The next phase of testing began with the purpose of expanding the existing
data set to include: 7.62-mm ball (M59) and tracer (M62) rounds, 12.7-mm ball (M33) and tracer (M17)
rounds, and three 35-mm TPGID (old HEAT DM18, new HEAT DMG68, and KE simulator) rounds. This
phase is designated as the collection phase. Randomization of rounds for testing took place as much as

possible with the tight test schedule and small budget.

Since changing the firing platform for each round at each range was time-consuming, several rounds
of the same size were fired at one range before moving the platform to another range. The goal was to
divide the sample in half so that two groups of rounds of the same type were fired on two different days
1o average out any effects due to weather conditions. This was not always accomplished. The DM18 and
DM68 round were late arriving. The DM68 and the TPGID KE simulators had not been type classified.
The 7.62-mm and 12.7-mm rounds were fired first. Ball and tracer rounds were completely randomized.
When the 35-mm KE was type classified, it was randomized with the DM18. The DM68 was tested with
the DM18 on the last two days. However, the duration data for the last two days was not available for

the analyses. Table 14 lists the numb